Type VI secretion systems (T6SSs) have recently been recognized as potential virulence determinants of many Gram-negative bacterial pathogens. Although mechanistic studies are lacking, T6SS-dependent phenotypes can be observed in various animal models of infection. Presumably translocation of T6SS effectors into target cells is involved in virulence, but few such effectors have been identified. A hallmark of T6SS function is the in vitro secretion of Hcp and VgrG proteins, which are thought to form part of an extracellular secretion apparatus. One well-characterized effector domain is the C-terminal actin cross-linking domain (ACD) of the VgrG-1 protein, constitutively secreted by the T6SS of Vibrio cholerae strain V52. Previous work indicated that translocation of VgrG-1 occurred only after endocytic uptake of bacteria into host cells. VgrG-1-induced actin cross-linking impaired phagocytic activity of host cells, eventually causing cell death. To determine whether V. cholerae T6SS is functional during animal infection, derivatives of V52 were used to infect infant mice. In this infection model a diarrheal response occurred, and actin cross-linking could be detected. These host responses were dependent on a functional T6SS and on the ACD of VgrG-1. Gene expression and histologic studies showed innate immune activation and immune cell infiltration in the intestinal lumen. The T6SS-dependent inflammatory response was also associated with increased recovery of V. cholerae from the intestine. We conclude that the T6SS of V52 induces an inflammatory diarrhea that facilitates replication of V. cholerae within the intestine.
Type VI secretion systems (T6SSs) have recently been recognized as potential virulence determinants of many Gram-negative bacterial pathogens. Although mechanistic studies are lacking, T6SS-dependent phenotypes can be observed in various animal models of infection. Presumably translocation of T6SS effectors into target cells is involved in virulence, but few such effectors have been identified. A hallmark of T6SS function is the in vitro secretion of Hcp and VgrG proteins, which are thought to form part of an extracellular secretion apparatus. One well-characterized effector domain is the C-terminal actin cross-linking domain (ACD) of the VgrG-1 protein, constitutively secreted by the T6SS of Vibrio cholerae strain V52. Previous work indicated that translocation of VgrG-1 occurred only after endocytic uptake of bacteria into host cells. VgrG-1-induced actin cross-linking impaired phagocytic activity of host cells, eventually causing cell death. To determine whether V. cholerae T6SS is functional during animal infection, derivatives of V52 were used to infect infant mice. In this infection model a diarrheal response occurred, and actin cross-linking could be detected. These host responses were dependent on a functional T6SS and on the ACD of VgrG-1. Gene expression and histologic studies showed innate immune activation and immune cell infiltration in the intestinal lumen. The T6SS-dependent inflammatory response was also associated with increased recovery of V. cholerae from the intestine. We conclude that the T6SS of V52 induces an inflammatory diarrhea that facilitates replication of V. cholerae within the intestine.
innate immunity | VgrG | virulence effector | ACD | MARTX V ibrio cholerae is a Gram-negative pathogen that causes diarrheal disease ranging from cholera to mild gastroenteritis. Some V. cholerae virulence factors are well characterized, such as cholera toxin and toxin coregulated pilus (1) . The contributions of other virulence factors to V. cholerae pathogenesis are beginning to be elucidated (2, 3) , and one putative accessory virulence factor is the type VI secretion system (T6SS).
T6SSs are encoded by conserved gene clusters present in many Gram-negative pathogens, and functional systems typically secrete Hcp and VgrG orthologs (4, 5) . The components constituting this multiprotein secretion complex are beginning to be defined. On the basis of work in several organisms, the T6SS IcmF ortholog seems to be a central scaffolding protein that interacts with itself, the T6SS DotU ortholog, and a T6SS-encoded outer membrane lipoprotein (6) (7) (8) . In V. cholerae, T6SS proteins VipA and VipB form a tubular structure that is dissociated by ClpV protein in an ATP-dependent manner (9) , which could be required for biogenesis of a functional secretion complex. This interaction could also be involved in recruitment to the T6SS core structure because the T6SS IcmF ortholog and a VipA ortholog interact with each other, and ClpV can be recruited to discrete foci at the inner membrane (9, 10) . Although these findings are from studies in different bacterial species, the overall interactions are likely maintained to form a conserved secretion complex that transports the T6SS substrates, Hcp and VgrG. These proteins are mutually required for secretion and are thought to form part of an extracellular secretion apparatus (5, 11) . The structures of Hcp and VgrG proteins resemble components of T4 bacteriophage tail tube and tail spike, respectively, which are required to puncture host membrane in the context of phage infection (4, (12) (13) (14) . Additionally, many VgrG proteins contain C-terminal extensions, some of which possess effector function, such as the actin cross-linking domain (ACD) of VgrG-1 in V. cholerae (11) . This domain covalently cross-links actin monomers by catalyzing intermolecular isopeptide bonds (15) . After uptake of bacteria into macrophage cell lines, VgrG-1 or its ACD domain was translocated into the host cell cytosol to cross-link cellular actin, thereby impairing subsequent phagocytic function (11, 16, 17) . An ACD deletion mutant was functional for secretion and translocation of a heterologous C-terminal reporter into target cells, indicating that the structural apparatus function and actin cross-linking effector function are dissociable (16) .
Virulence associated with T6SS has been evaluated in various animal models of infection, including lethality assays and colonization models. Genes within Pseudomonas aeruginosa and Burkholderia cenocepacia T6SS loci were identified in transposon mutagenesis screens for attenuated colonization in a rat chronic lung infection model (18, 19) . Consistent with a role in chronic infection with P. aeruginosa, sera from cystic fibrosis patients were reactive to Hcp, and sputum from a chronically infected patient contained Hcp protein (4) . Compound deletion of the remaining two T6SS loci attenuates P. aeruginosa virulence in murine lung and burn infection models (20) . Catfish that were exposed to Edwardsiella itaculari produced antibodies that are reactive to orthologs of VipA, VipB, and Hcp, and mutants in these and other T6SS genes are attenuated in virulence during infections in fish (8, 21) . Intraperitoneal infections of hamsters were lethal when inoculated with wild-type Burkholderia mallei, whereas T6SS mutants were nonlethal (22) . Additionally, sera from B. mallei-infected mice, a naturally infected horse, and an infected human patient were all reactive to purified B. mallei ortholog of Hcp (22) . A recent study showed that B. mallei expresses T6SS-1 after uptake into RAW 264.7 macrophages, and a defect in T6SS impaired intracellular growth and actinbased motility (23) .
Although these studies implicate T6SS in virulence in animal models, a mechanistic understanding of T6SS function in vivo is lacking. The V. cholerae T6SS effector VgrG-1 and its ACD domain is clearly required for its cytotoxic effect on Dictyostelium discoideum amoebae (5, 16) . A putative Edwardsiella tarda effector is EvpP, which is encoded in the T6SS gene cluster and has orthologs in several other E. tarda strains and an Aeromonas hydrophila strain (8, 24) . Secretion of EvpP requires T6SS, Hcp ortholog EvpC, and VgrG ortholog EvpI, whereas deletion of EvpP does not affect secretion of EvpC and EvpI. EvpP mutants are attenuated in fish models of infection and have been associated with invasion of a fish epithelial cell line (24) . A. hydrophila clinical isolate SSU encodes a VgrG C-terminal effector domain. This strain required T6SS for virulence in mouse lethality assays, and immunization with purified Hcp protected against lethal infection (25) . This T6SS caused contact-dependent host cell rounding and could translocate a VgrG homolog that contains an effector domain homologous to VIP-2, an insecticidal toxin with ADP ribosylation activity specific for actin (26) . Catalytic activity was demonstrated in vitro, and transfection of this domain caused disruption of the actin cytoskeleton, cell rounding, and apoptosis.
Here we evaluated the contribution to virulence of the V. cholerae T6SS in the context of a mammalian intestinal infection. Using an infant mouse model, we found that the T6SS constitutive strain V52 can induce a fluid accumulation response that has hallmarks of inflammatory diarrhea. This phenotype is characterized by changes in intestinal fluid accumulation, detection of cellular infiltration in the intestinal lumen, and changes in gene expression consistent with inflammation. Translocation of VgrG-1 occurred in this model because cross-linked actin was detected in intestinal cell lysates, and the ACD effector domain was required for all T6SS-dependent phenotypes in this infection model. This work demonstrates that T6SS-mediated translocation occurs in vivo and is associated with an acute host response to a specific effector, consistent with a role for T6SS as a virulence factor used by some strains of V. cholerae.
Results

V. cholerae T6SS Elicits a Fluid Accumulation Response and Cross-
Links Actin in Vivo. To evaluate V. cholerae T6SS function in vivo, the suckling or "infant" mouse model for cholera was used. Five-day-old infant mice were infected with an inoculum of 5 × 10 9 of various mutant derivatives of V. cholerae V52 (Table 1) . Some strains elicited a diarrheal response 3 to 4 h after infection. This response was quantified by determining fluid accumulation ratios ( Fig. 1) , as defined by the ratio of the weight of dissected intestine and the remaining body mass. Surprisingly, this response did not require the two known toxins encoded by rtxA or ctxAB, because fluid accumulation is still observed in infections with ATM-1 (ΔrtxA) and ATM-13 (ΔctxAB). However, this fluid accumulation response was abolished in infections with strains carrying a deletion of icmF ortholog vasK, as observed with strains ATM-2 and ATM-3 (Fig. 1A) . Additional T6SS mutant strains, ATM-14 (ΔvgrG-2) and ATM-6 (vgrG-1ΔACD), were tested and also failed to produce a fluid accumulation response (Fig. 1B) . Strains that lack vasK or vgrG-2 are unable to secrete T6SS substrates (11) . Although strain ATM-6 is competent for secretion of T6SS substrates (16) , it lacks the ACD, suggesting that this effector domain is required for eliciting this fluid accumulation response.
Translocation of the VgrG-1 protein into cultured mammalian cells can be monitored by detection of cross-linked actin, the enzymatic product of the ACD (11, 16) . Remarkably, intestines from mice infected with ATM-1 contained detectable cross-linked actin (Fig. 2 ). After infections with nonsecreting T6SS mutants ATM-3 (ΔvasK) and ATM-14 (ΔvgrG-2), actin cross-linking could not be detected. These strains express wild-type levels of VgrG-1 but cannot secrete it. This suggests that VgrG-1 released by bacterial lysis cannot access and cross-link host cell actin and that the actin cross-linking observed is likely due to bona fide translocation of VgrG-1 into host cells by an intact T6SS. Unexpectedly, crosslinked actin was not detected after infection with ATM-2 (ΔvasK), which contains an intact rtxA gene and is able to robustly cross-link actin in tissue culture cells (16) . These data suggest that for strain V52, the multifunctional autoprocessing RTX (MARTX) toxin encoded by rtxA is not significantly active in this infant mouse model of infection. Alternatively, T6SS and MARTX could be expressed at temporally distinct phases of infection. These data indicate that the T6SS of strain V52 is essential for inducing a fluid accumulation phenotype in this animal model and that the ACD effector domain of VgrG-1 is the likely critical effector molecule mediating this response in vivo.
Cellular Infiltration and Changes in Host Gene Expression Implicate an Inflammatory Response. Intestinal inflammation is well known to induce diarrheal responses through a variety of pathophysiologic mechanisms, including production of prostaglandins and host tissue injury (27) . Accordingly, we evaluated the histologic changes that occurred in this infection model to determine whether they were consistent with inflammation. H&E-stained sections of Table 1 .
intestines from mice infected with various V52 derivative strains were analyzed and scored blindly by a pathologist. In sections from mice infected with strain ATM-1, cellular infiltrates were seen in the lumen of the small intestine, whereas mock-infected, ATM-6 (ΔACD)-infected, and ATM-14 (ΔvgrG-2)-infected mice had a normal histologic appearance (Fig. 3) . Typically in ATM-1-infected mice, no intestinal injury and some cellular infiltrate were observed in the proximal small intestine, whereas detectable intestinal injury and most of the cellular infiltration occurred in the distal small intestine. These infiltrating cells appeared to be monocytic, with few polymorphonuclear cells. Infiltrating cells within the intestinal lumen suggest that the fluid accumulation response could be due to inflammation. Microarray analysis was performed to determine whether changes in host gene expression occurred that were consistent with inflammation. Whole-transcriptome analysis was performed on intestinal tissue from mock-infected, ATM-1-infected, and ATM-6 (ΔACD)-infected mice. After statistical significance was assessed using the SAM (statistical analysis of microarrays) algorithm and a 2-fold change cutoff was imposed, 106 genes were more highly expressed, whereas 13 genes had lower expression in ATM-1-infected mice compared with mock-infected mice (Fig.  4) . Generally, expression of these genes in the intestines of ATM-6-infected mice was intermediate between mock-infected and ATM-1-infected mice (Table S1 ). Although this host response reflects changes in gene expression in intestinal cells, the changes in ATM-1-infected mice would also include expression of genes in infiltrating cells. The more highly expressed genes were enriched for the biologic processes of inflammation, wound healing, and angiogenesis, as determined via the Database for Annotation, Visualization, and Integrated Discovery (DAVID) bioinformatics resource (28, 29) .
Analysis of differentially expressed genes shows that there was innate immune activation in both ATM-1-and ATM-6-infected mice compared with mock-infected mice. Genes involved in innate immune signaling (Nfkb2), immune cell recruitment (Ccl20, Cxcl10, and Cxcl16), direct antimicrobial activity (Nos2, Duox2, and Reg3g), and the acute-phase marker serum amyloid A 3 (Saa3) all had at least 2-fold higher expression in infected mice over mock-infected mice. This could reflect nonspecific interaction between V. cholerae pathogen-associated molecular patterns and Toll-like receptors found on epithelial cells and gut-associated lymphoid tissue. These interactions are apparently tolerated in ATM-6-infected mice, in that inflammation is not induced. However, in infections with ATM-1, clear inflammation was apparent, indicated by the luminal cellular infiltrate. This difference in host pathobiologic phenotype is reflected by higher expression of many inflammation genes in ATM-1-vs. ATM-6-infected mice.
Additional host genes were also more highly expressed in ATM-1-infected mice, but expression of these genes in ATM-6-infected mice was below the 2-fold cutoff. These included inflammation mediator prostaglandin-endoperoxide synthase 2 (Ptgs2 or COX-2), cytokines (Il1a and Il1b), and chemokines (Ccl12 and Cxcl5). Secretion of cytokines and signaling through NF-κB activate innate immune responses to defend against microbes by recruitment of infiltrating immune cells and production of antimicrobial factors. Cell adhesion molecule gene Icam1 was more highly expressed in ATM-1-infected mice, and this receptor is associated with leukocyte migration. ATM-1 induced higher expression of genes that regulate inflammation, including Nfkbia, Atf3, Socs3, and zinc finger proteins tristertrapolin (Zfp36) and Zc3h12a, which destabilize mRNA transcripts of proinflammatory cytokines (30) (31) (32) (33) . This is consistent, because during activation of inflammation there is also concomitant negative regulation that dampens the immune response and aids in resolution of inflammation.
Genes encoding proinflammatory cytokine IL-1β, IFN-γ-induced chemokine IP-10 (CXCL10), bacteriostatic siderophoresequestering protein lipocalin 2 (34), and inflammation-associated matrix metalloproteinase MMP-3 (35) were chosen for verification by quantitative RT-PCR (Fig. 5) . In addition to expression of these genes in ATM-1-and ATM-6-infected mice, expression in mice infected with ATM-3 (ΔvasK) and ATM-14 (ΔvgrG-2) was examined. The level of expression of these host genes was significantly elevated in ATM-1-infected mice compared with mice infected with mutants deficient in either the ACD or T6SS. These data confirm that the ACD and V. cholerae T6SS are essential mediators of inflammation in this infection model.
Recovery of V. cholerae from the Small Intestine Is Enhanced by
Inflammation. Although recovery of ATM-1 and T6SS mutant strains was similar at early time points after infection before diarrheal symptoms occur (Fig. S1 ), significant differences in colonization were apparent after overnight infections (Fig. 6 ). To determine whether T6SS-induced inflammation facilitates recovery of V. cholerae from the small intestine, 4-h-long preinfections were performed with ATM-15 (ATM-1ΔlacZ) or ATM-16 (ATM6ΔlacZ), followed by infection with ATM-1 or ATM-6 (ΔACD) (Fig. 6 ). Whereas preinfection with ATM-16 had no effect on recovery of secondarily inoculated ATM-6, preinfection with ATM-15 significantly increased recovery of ATM-6 after overnight infection. Preinfection with either ATM-15 or ATM-16 had no effect on recovery of ATM-1. Thus, ATM-15 enhanced the recovery of ATM-6, indicating that the T6SS-mediated inflammation induced by ATM-15 likely enhances survival and/or replication of V. cholerae within the gut. Like cholera toxin, the inflammatory diarrhea induced by strains of V. cholerae expressing T6SS might also aid in dissemination of the organism to new hosts through purging of infected intestinal fluids by disease victims.
Discussion
Virulence factors such as toxins and protein secretions systems can deliver toxic "effector" domains to host cells. These virulence determinants are reasonably attributed with the pathophysiologic effects induced in host animals after infection by the pathogens encoding them. However, relatively few examples exist in which the biochemical action of an effector domain can be demonstrated in host tissues during infection independently of secondary host responses to these virulence factors. Here we report the direct detection of biochemical effector function during host infection and its correlation with pathophysiologic outcomes for the host. Specifically, translocation of VgrG-1 by V. cholerae T6SS into target cells during infection could be detected by virtue of the well-characterized actin cross-linking activity of its ACD. This biochemical event correlates with fluid accumulation, massive cellular infiltration, and finally altered host gene expression that is fully consistent with inflammatory diarrhea. Studies of quorum-sensing regulation of V. cholerae virulence factors show that T6SS is expressed at high cell density (36, 37) , which could account for the large inoculum required to clearly observe T6SS-dependent pathology by V52. This suggests that V. cholerae T6SS expression might occur late in infection when inflammatory diarrhea could facilitate further replication and dissemination of the organism. Although the disease cholera is characteristically considered noninflammatory, some V. cholerae strains and live vaccine prototypes induce inflammatory diarrheas in human subjects (38) . The data presented here suggest that the wellconserved T6SS of V. cholerae may also contribute to the inflammatory component of diarrheas associated with this organism.
Given the cell biologic requirements for VgrG-1 translocation, initiation of inflammation could occur after transcytosis by a variety of several cell types, including as dendritic cells, Peyer's patch M cells (39) , or even by epithelial cells (40) . Although it is not clear how cross-linked actin in host cells could contribute to an inflammatory response, many cellular functions could be perturbed, and intracellular surveillance pathways could be activated. After induction of inflammation, mediators can induce fluid secretion and increase the permeability of the epithelium by loosening tight junctions, allowing immune cells infiltration and interstitial fluid to leak into the intestinal lumen. Immune cell infiltration typically includes recruitment of phagocytic cells, which represent another pool of cells that are susceptible to T6SS translocation and actin cross-linking. These phagocytic cells could be another source of cytokines and tissue damaging agents, which could amplify the inflammatory response. We showed here that T6SS-mediated inflammation also facilitates recovery of V. cholerae from the small intestine, despite the presence of infiltrating immune cells and higher expression of antimicrobial molecules. Many of the infiltrated inflammatory cells could contain cross-linked actin and thus be impaired for phagocytic function. It is noteworthy that some enteric pathogens can exploit this host process and benefit from intestinal inflammation (41) . In these circumstances, inflammation allows the pathogens to overcome host mechanisms that limit colonization, such as disruption of commensal bacteria or increasing nutrient and oxygen availability (42) . These mechanisms could account for the increased number of V. cholerae recovered after induction of T6SS-mediated inflammation. It is also worth noting that reactogenic diarrheas inducing by nontoxigenic V. cholerae vaccine prototypes apparently involves intestinal inflammation elicited by innate immune agonists such as flagellins (43) .
By studying T6SS function in vivo, we were able to detect processes that might also occur in a natural infection. Although the pathogenic mechanism observed in this animal model could contribute to virulence in strains with constitutive T6SS, the role of T6SS in other V. cholerae strains is not so clear and may be obscured in vivo by the predominant effects of other virulence factors. Nonetheless, the well-conserved T6SS locus of V. cholerae is present in the majority of V. cholerae strains, suggesting that this factor might be an early "core virulence determinant" for the species. If so, the ability of T6SS to alter host pathophysiology may have contributed to the evolutionary process that led to acquisition of accessory virulence determinants, such as TCP and cholera toxin, and thus to the emergence of the highly successful pathogenic clones of V. cholerae that occur in the biosphere today.
Materials and Methods
Bacterial Strains. Some V. cholerae V52 strains are previously described (16) , and new strains were constructed by previously described methods (17, 44, 45) . All strains were maintained at −70°C in glycerol stocks and cultured in LB supplemented with 100 μg/mL streptomycin at 37°C.
Infant Mouse Infections. Infant mouse infections were approved by the Harvard Institutional Animal Care and Use Committee. Five-day-old CD1 mice were weaned for 2 to 3 h, inoculated perorally with 5 × 10 9 V. cholerae, and maintained at 30°C for 4 h. Some mice were then infected with a second inoculum and maintained at 30°C for an additional 16-18 h. Small intestines were then harvested, homogenized, and plated for enumeration of colony forming units. Histology. After infection, intestines were coiled, fixed in 10% neutral buffered formalin, embedded in paraffin, and processed for H&E staining. Images were acquired with a Nikon 80i upright equipped with a Nikon Digital Sight DS-Fi1 color camera.
RNA Isolation. Dissected intestines were homogenized in TriReagent (Invitrogen), pooled in groups of five, and frozen at −80°C until isolation of total RNA according to the manufacture's instructions. RNA samples were further purified using RNeasy kit (Qiagen) before quantitative PCR and microarray analysis.
Microarrays and Bioinformatics. Purified RNA was processed according to the manufacturer's instructions for sample preparation, hybridization, washing, and scanning for Affymetrix Mouse Gene WT 1.0 arrays. Signal intensity was normalized between arrays, and log 2 intensity values were calculated using the robust multichip average algorithm. Differentially expressed genes were determined by using the SAM algorithm with a 2-fold change cutoff and the 90% percentile false discovery rate set to 0. Overrepresentation of genes involved in inflammation (P = 2.4 × 10
) was determined by bioinformatics analysis via DAVID (28, 29) . Microarray data were deposited to the Gene Expression Omnibus database.
Quantitative RT-PCR. cDNA was synthesized with Omniscript kit (Qiagen) and diluted for quantitative PCR reactions with SYBR green and ROX mix (Bio-Rad Laboratories). Relative expression levels were calculated using the ΔΔC t method, with normalization of individual samples to GAPDH expression and normalization within infection groups to values of mock-infected mice.
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